Ferrata Storti Foundation L oss-of-function mutations in the ATP-binding cassette (ABC) transporter of the inner mitochondrial membrane, ABCB7, cause X-linked sideroblastic anemia with ataxia, a phenotype that remains largely unexplained by the proposed role of ABCB7 in exporting a special sulfur species for use in cytosolic iron-sulfur (Fe-S) cluster biogenesis. Here, we generated inducible ABCB7-knockdown cell lines to examine the timedependent consequences of loss of ABCB7. We found that knockdown of ABCB7 led to significant loss of mitochondrial Fe-S proteins, which preceded the development of milder defects in cytosolic Fe-S enzymes. In erythroid cells, loss of ABCB7 altered cellular iron distribution and caused mitochondrial iron overload due to activation of iron regulatory proteins 1 and 2 in the cytosol and to upregulation of the mitochondrial iron importer, mitoferrin-1. Despite the exceptionally large amount of iron imported into mitochondria, erythroid cells lacking ABCB7 showed a profound hemoglobinization defect and underwent apoptosis triggered by oxidative stress. In ABCB7-depleted cells, defective heme biosynthesis resulted from translational repression of ALAS2 by iron regulatory proteins and from decreased stability of the terminal enzyme ferrochelatase. By combining chemical crosslinking, tandem mass spectrometry and mutational analyses, we characterized a complex formed of ferrochelatase, ABCB7 and ABCB10, and mapped the interfaces of interactions of its components. A dimeric ferrochelatase physically bridged ABCB7 and ABCB10 homodimers by binding near the nucleotide-binding domains of each ABC transporter. Our studies not only underscore the importance of ABCB7 for mitochondrial Fe-S biogenesis and iron homeostasis, but also provide the biochemical characterization of a multiprotein complex required for heme biosynthesis.
Dimeric ferrochelatase bridges ABCB7 and ABCB10 homodimers in an architecturally defined molecular complex required for heme biosynthesis Introduction ATP-binding cassette (ABC) transporters belong to one of the most abundant families of integral membrane proteins found in all kingdoms of life 1,2 and play major roles in several biological processes by mediating the active transport of a variety of molecules across cellular membranes. Three members of the ABC family have thus far been localized to the inner mitochondrial membrane, where they are predicted to act as exporters, since their nucleotide binding domains face the matrix. 3, 4 These members are ABCB7 (the human ortholog of yeast Atm1), ABCB10 and ABCB8. ABCB6 has been reported to reside either in the outer mitochondrial membrane, 5, 6 and/or in the Golgi, 7 lysosomal, 8 and plasma membranes.
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ABCB7 maps to the X-chromosome in mice and humans 10 and shows a ubiquitous expression pattern. Knockout studies in mice revealed that expression of ABCB7 was essential for early gestation. 11 Mutations in ABCB7 cause X-linked sideroblastic anemia with ataxia (XLSA/A; 301310), which is a recessive disorder characterized by the onset of non-or slowly-progressive cerebellar ataxia and anemia with hypochromia and microcytosis in infancy or early childhood. [12] [13] [14] Bone marrow examination showed ringed sideroblasts, which give the condition its name. Complementation assays in yeast suggested that each of the human mutations caused a mild partial loss of function. 12, 13 Conditional gene targeting in mice showed that ABCB7 was essential for hematopoiesis 15 and for the development and function of all tissues and organs analyzed. 11 Here, we examined the time-dependent consequences of loss of ABCB7 in multiple cell culture models. We found that knockdown (KD) of ABCB7 led to significant loss of mitochondrial iron-sulfur (Fe-S) proteins, which preceded the development of comparatively milder defects in cytosolic Fe-S enzymes. In erythroid cells, loss of Abcb7 caused defective heme biosynthesis and altered cellular iron distribution with mitochondrial iron overload, which triggered oxidative stress and led to apoptosis of erythroid progenitors. By combining chemical crosslinking with tandem mass spectrometry and mutational analyses, we identified a complex formed of ferrochelatase (FECH), ABCB7 and ABCB10 and characterized its overall architecture. Our studies uncovered the importance of ABCB7 for mitochondrial function and iron homeostasis and identified a previously uncharacterized complex that is required for heme biosynthesis.
Methods

Cell lines and cell culture conditions
HEK293T and HeLa cells were purchased from the American Type Culture Collection (ATCC) and propagated in Dulbecco modified Eagle medium with 4.5 g/L glucose, 10% fetal bovine serum, and 2 mM glutamine at 37°C, 5% CO 2 in a humidified incubator. G1E-ER4 cells were maintained in Iscove modified Dulbecco medium with 15% fetal bovine serum, 100 U/mL penicillin-streptomycin, 2 U/mL erythropoietin (Sino Biological Inc.), monothioglycerol (1:10,000), and 50 ng/mL Kit-ligand (R&D Systems). GATA1-mediated differentiation was induced by the addition of 100 nmol of β-estradiol to a cell culture at a density of 2×10 5 cells/mL. All cell lines were tested for mycoplasma.
Short hairpin and small interfering RNA-mediated knockdown of ABCB7, MFRN2 and IRP2 in HEK293T, HeLa or G1E-ER4 cells
The SMARTvector Inducible Lentiviral short hairpin (sh)RNA system (Dharmacon) was used to generate HEK293T and HeLa stable cell clones with tightly controlled expression of three individual shRNA targeting different regions of the ABCB7 transcript and a scrambled shRNA, used as negative control.
Knockdown of Abcb7 or Irp2 in G1E-ER4 cells was achieved with the Accell small interfering RNA delivery system (Dharmacon). Further details of the knockdown procedures, together with information on in vitro and in vivo crosslinking and mass spectrometry, in vitro coupled transcription/translation and pull-down assay of 35 S-labeled proteins, the dihydropyrimidine assay, gel electrophoresis, complex I, II and III activity assays, iron and heme measurements, histological staining, flow cytometry studies, assays of superoxide dismutase activity, aconitase and catalase, along with polymerase chain reaction studies and other methods are provided in the Online Supplementary Methods.
Results
Knockdown of ABCB7 led to dysfunction of mitochondrial proteins which preceded the development of milder defects in cytosolic Fe-S enzymes
We analyzed the effects of progressive loss of ABCB7 in HEK293T, HeLa and G1E-ER4 cells. To interrogate the role of ABCB7 during erythroid differentiation and address the effect of ABCB7 mutations in XLSA patients, [12] [13] [14] we studied G1E-ER4 cells, a well-validated murine cell model that recapitulates the early stages of terminal red blood cell development. 16 We used an inducible shRNA-mediated KD approach to silence the expression of ABCB7 in HEK293T (Online Supplementary Figure S1A ) and HeLa cells (Online Supplementary Figure S1B) , which enabled us to discern primary from secondary effects by observing when defects appeared during the time-course after induction of KD. KD of ABCB7 resulted in a time-dependent loss of mitochondrial Fe-S proteins, including FECH, glutaredoxin 5 (GLRX5) and multiple subunits of the respiratory complexes I and II (NDUFS1 and NDUFS8 in complex I and SDHB in complex II) in all the cell lines tested ( Figure  1A ,B, Online Supplementary Figure S2C -E, and S2H). Loss of ABCB7 also elicited profound transcriptional remodeling that included the downregulation of the vast majority of subunits and assembly factors of the mitochondrial respiratory chain within 48 h after KD ( Figure 1C ) in G1E-ER4 cells and profoundly affected cell morphology (Online Supplementary Figure S1C) . Loss of the catalytic subunits resulted in a significant decrease in the activities of complexes I and II ( Figures 1A, B, and D) . Mitochondrial aconitase (ACO2) activity was also markedly reduced by 80%, whereas cytosolic aconitase (ACO1) decreased to a lesser extent (40%) (Online Supplementary Figure S2H) , likely due to the fact that mitochondrial dysfunction altered cytosolic iron status and activated the RNA-binding activity of iron-regulatory protein-1 (IRP1) 17 (see later in the paper), without changing IRP1 protein levels (Online Supplementary Figure S2H) . Notably, levels of cytosolic Fe-S proteins, including CIAPIN1, GLRX3, POLD1, DPYD, PPAT, ERCC2, ELP3 and ABCE1, were unchanged 3 days after KD of ABCB7 ( Figure 1E and Online Supplementary Figure S2B) . Activity of the cytosolic Fe-S enzyme DPYD (Online Supplementary Figure S2F ) and radioactive iron incorporation into the cytosolic Fe-S protein NUBP2 were also unchanged (Online Supplementary Figure S2G) . Decreased stability of the cytosolic Fe-S proteins DPYD, PPAT and POLD1 was observed 5 days after KD of ABCB7 (Online Supplementary Figure S2C,D) ; however, the extent of loss of mitochondrial Fe-S proteins at day 5 was much more profound than the decrease in cytosolic Fe-S protein levels (Online Supplementary Figure S2C,D) . Consistent with the importance of mitochondria in performing a global regulatory role in numerous cellular processes linked to iron homeostasis, we found that KD of ABCB7 stabilized iron-regulatory protein-2 (IRP2), a master regulator of iron metabolism 18 ( Figure 1D and Online Supplementary Figure S2C,D) . Levels of the erythroid-specific mitochondrial iron transporter mitoferrin-1 (MFRN1) ( Figure 1D ) and the ubiquitously expressed mitoferrin-2 (MFRN2) in HEK293T and HeLa cells ( Figure 1A and Online Supplementary Figure S2D ) increased significantly in ABCB7-KD cells. Overall, stabilization of IRP2 in the cytosol and increased MFRN1 or MFRN2 in mitochondria likely increased flux of iron into mitochondria in ABCB7-depleted cells (further investigated later in this study). Reexpression of wildtype ABCB7, but not the pathogenic XLSA E433K mutant 13 in the ABCB7-KD cells restored levels of FECH and SDHB, activities of complex II and aconitases and normalized levels of MFRN1 and IRP2 ( Figure  1D and Online Supplementary Figure S2H) , demonstrating that loss of ABCB7 caused profound early-onset of mitochondrial dysfunction.
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1758 haematologica | 2019; 104(9) Figure 1 . Loss of ABCB7 disrupts mitochondrial function and downregulates genes involved in mitochondrial energy metabolism. (A) Protein blots and respiratory complexes I (CI) and II (CII) in-gel activity assays on mitochondrial lysates from HEK293T cells expressing an inducible control short hairpin (sh)RNA (sh_CTRL) or two shRNA targeting different regions of the ABCB7 transcript (sh_ABCB7-1 and sh_ABCB7-2) for 3 days. Levels of ABCB7, mitoferrin 2 (MTFN2), superoxide dismutase 2 (SOD2), aconitase (ACO2), CII subunits SDHA and SDHB, ferrochelatase (FECH), the CI Fe-S subunit NDUFS8, glutaredoxin 5 (GLRX5), complex IV subunit MTCO1, and citrate synthase (CS) were assayed. Levels of VDAC1 and TOM20 were used as loading controls. (B) Protein blots and CI and CII in-gel activity assays on mitochondrial lysates from G1E-ER4 control cells or from cells depleted of Abcb7 for 3 days. Comparisons between cells at the burst-forming unit erythroid stage (undifferentiated, without β-estradiol) or at the orthochromatophilic stage (differentiated for 72 h with β-estradiol) are shown. Levels of Abcb7, CI Fe-S subunit Ndufs1, CII subunits Sdha and Sdhb, Fech, CIII subunit Uqcrc2, Suclg2, mitochondrial unfoldase Clpx and protease Clpp were assessed by western blot. Levels of Vdac1 and Tom20 were used as loading controls. (C) Log 2 -fold expression of mitochondrial energy metabolism pathway genes which were differentially expressed in G1E-ER4 cells 48 h after knockdown (KD) of Abcb7 (false discovery rate <0.01, n=3 biological replicates). (D) Complementation assays on G1E-ER4 cells silenced for 3 days to KD the expression of Abcb7 and transfected with wildtype FLAG-tagged ABCB7 or with the X-linked sideroblastic anemia pathogenic mutant ABCB7 E433K -F. Levels of Abcb7, Irp2, Pold1, Fech and Mfrn1 are shown, along with CII in-gel activity assay. Tom20 and a-Tubulin (Tub) were used as loading controls for the mitochondrial fractions and total lysates, respectively. (E) Protein blots on total lysates from G1E-ER4 cells. Levels of the cytosolic and nuclear Fe-S proteins Ciapin1, Glrx3, Pold1, Dpyd and Ppat are shown, along with levels of the CIA components Ciao1, Fam96b and Mms19. Tub was used as a loading control. (A, B, D and E, n=6 biological replicates). See also Online Supplementary Figures S13 and S14 for densitometries of immunoblots and statistical analyses. NT: not treated (control).
A B C D E
Loss of Abcb7 altered cellular iron distribution and caused oxidative stress and apoptosis of erythroid progenitors
We investigated the consequences of loss of Abcb7 in developing G1-ER4 cells, which require large amounts of iron inside mitochondria to support heme synthesis. We first analyzed changes in the activation of the iron responsive element (IRE)-binding activities of Irp1 and Irp2, which post-transcriptionally shape the expression of the mammalian iron metabolism proteome by binding to (Figure 2A ). In contrast, in Abcb7-KD G1E-ER4 cells, Irp2 activation was elicited well before induction of differentiation and its levels remained undiminished throughout the time course (Figure 2A ). Control cells differentiated for 72 h showed increased sequestration of radiolabeled iron into ferritin ( 55 Fe-autoradiogram) ( Figure 2B ), as already reported. 19 In control cells, iron was also successfully incorporated into protoporphyrin IX (PPIX) by Fech, as radiolabeled hemoglobin ( 55 Fe-Hb) increased significantly ( Figure 2B ). Compared to control (NT), cells lacking Abcb7 exhibited prolonged activation of the cytosolic iron starvation response with stabilization of Irp2, decreased cytosolic aconitase (Aco1) activity and increased IRE-binding activities of IRP (Figure 2A-C) . Hyperactivation of IRP caused translational repression of ferritin ( Figure 2B ) and decreased radiolabeled-iron sequestration into the heteropolymeric storage form of the protein ( Figure 2B ). Under the transcriptional control of Gata-1, 20 differentiating cells upregulated hemoglobin subunits (Hba-a2 and Hbb-b1) and Alas2 ( Figure 2B ,D, Online Supplementary Figure S3 ). Mfrn1 increased during differentiation to fulfill the exceptional iron demand for heme synthesis ( Figure 2B and Online Supplementary Figure  S3 ). Abcb7-depleted cells failed to increase levels of Alas2, due to translational repression by IRP at the 5'-IRE present in its transcript 21, 22 ( Figure 2D ), even though Alas2 transcript levels were over 50-fold higher than those in undifferentiated cells (Online Supplementary Figure S3) . Importantly, levels of Bach1, an erythroid transcriptional repressor that is rapidly degraded under conditions of heme sufficiency, 23 increased upon KD of Abcb7 ( Figure  2D ), and levels of Hbb-b1 and Hba-a2, which are Bach1 targets, 24 were repressed ( Figure 2B and Online Supplementary Figure S3) . Notably, Tfrc and Mfrn1 levels were elevated in Abcb7-KD cells prior to differentiation ( Figure 2B and Online Supplementary Figure S4A,B) . Total cellular iron content in early erythroid progenitors depleted of Abcb7 was about 7-fold higher than that in controls (Online Supplementary Figure S5A ) and iron accumulated in mitochondria ( Figure 2E ), whereas the pool of available cytosolic labile iron was significantly reduced (Figure 2F ), indicating a condition of cytosolic functional iron deficiency. Mitochondrial iron overload increased the production of reactive oxygen species by 30% (Mitosox Figure S5B) , even though both mitochondrial and cytosolic superoxide dismutase enzymes (Sod2 and Sod1) were activated ( Figure  2I ), and were transcriptionally upregulated about 2-and 5-fold, respectively (Online Supplementary Figure S6A-C) . Unexpectedly, most of the genes involved in the antioxidant response were downregulated in Abcb7-KD cells (Online Supplementary Figure S6A) . Manganese accumulated in mitochondria of Abcb7-KD cells (Online Supplementary Figure S5C) , raising the possibility that metalation of Sod2 accounted for the increase in manganese. KD of ABCB7 in HEK293T cells also caused mitochondrial iron accumulation (Online Supplementary Figure  S5D) , and activation of SOD enzymes (Online Supplementary Figure S5E,F) . As MFRN2 was significantly upregulated upon silencing of ABCB7 in the non-erythroid HEK293T cells ( Figure 1A ), we knocked down its expression and found that cells depleted of MFRN2 maintained intact mitochondrial function (Online Supplementary Figure S5D,G) . KD of MFRN2 in ABCB7-depleted cells lowered mitochondrial iron accumulation (Online Supplementary Figure S5D) , but levels and activities of Fe-S-dependent enzymes did not return to normal (Online Supplementary Figure S5H) , suggesting that mitochondrial iron overload was not the primary cause of the compromise of Fe-S proteins in the matrix.
Heme biosynthesis defect in cells lacking ABCB7
Loss of Abcb7 during erythroid differentiation led to an 80% reduction in the levels of 55 Fe-Hb, to the IRP-mediated translational repression of Alas2 and to Bach1-mediated blockage of Hba-a2 and Hbb-b1 transcription, pointing to a potential defect in heme biosynthesis. Treatment with succinylacetone, a potent inhibitor of Alad, confirmed that the defect of Figure S7A) , whereas levels of the heme biosynthetic enzyme Cpox, 25 of Sucla2 and Suclg2, which provide succinyl-CoA to the first ratelimiting step of the pathway. 26 and of the unfoldase Clpx, required for the pyridoxal-phosphate-dependent activation of Alas2, 27 did not change (Online Supplementary  Figure S7A ). Abcb7-KD cells exhibited impaired hemoglobinization ( Figure 3C ). Heme content decreased by 75% ( Figure 3D ,E) and activities of the heme-containing enzymes cytochrome c oxidase ( Figure 3F ) and peroxisomal catalase ( Figure 3G and Online Supplementary Figure  S7C -E) were reduced by more than 80%. Levels of respiratory complexes III and IV, which require three and two heme centers, respectively, were significantly reduced in Abcb7-KD cells ( Figure 3F ). Heme-bound cytochromes c (Cyc) and c1 (Cyc1) decreased (Holo-cyt) ( Figure 3F ), without changes in the levels of total apo-cytochromes (Online Supplementary Figure S7B) . The heme-regulated eIF2a kinase (HRI), which inhibits the general translation initiation factor eIF2a under conditions of heme deficiency, 28 may mediate the translational repression of the globin chains, which are also transcriptionally repressed by Bach1 (Online Supplementary Figure S3) , in Abcb7-depleted erythroid progenitors to prevent accumulation of globins in excess of heme, and may also repress translation of the heme biosynthetic enzymes Alas2 and Alad. 28 A defect in heme biosynthesis was also observed in HEK293T and HeLa cells upon KD of ABCB7 (Online Supplementary  Figure S7F -K).
Irp2 activation in Abcb7-depleted cells sustained mitochondrial iron overload mediated by mitoferrin-1 upregulation
We investigated the correlation between loss of Abcb7 and activation of IRP, by analyzing the effect of double KD of Abcb7 and Irp2 in developing erythroid cells. KD of Irp2 significantly diminished the stability of Tfrc ( Figure 4A ) and decreased Mfrn1 to levels comparable to those of cells treated with desferrioxamine ( Figure 4A) . A detectable compensatory activation of the IRE-binding activity of Irp1 in Irp2-KD cells ( Figure 4B ) was insufficient to stabilize Tfrc to levels comparable to those in controls. Mitochondrial iron levels decreased by more than 50% (Figure 4C ), due to the decreased half-life of MFRN1 under the iron-limiting conditions generated by the lack of Irp2 ( Figure 4D ). Levels of radiolabeled hemoglobin dropped by more than 80% ( Figure 4E,F) , causing A unique ABCB7-FECH-ABCB10 complex haematologica | 2019; 104 (9) 1761 Figure 3 . Heme biosynthesis defect in cells lacking Abcb7. (A) Protein blots to Irp2, Irp1, Tfrc, Hbb-b1, Hba-a2, and Bach1 in control (NT) and Abcb7-KD G1E-ER4 cells before (-β-estradiol) and after (+β-estradiol) 72 h of differentiation. The effect of the Alad inhibitor succinylacetone (SA) during cell differentiation was also tested. 55 Fe incorporated into hemoglobin (Hb) in cells silenced for Abcb7 was profoundly decreased. (B) Mitochondrial fractions from G1E-ER4 cells treated as in (A) were probed with antibodies against Abcb7, Alas2, Abcb10, Fech, and Mfrn1. Tom20 was used as a loading control. (C) Cell pellets of control (NT β-estr) or Abcb7-knockdown (KD) (si-Abcb7 β-estr) G1E-ER4 cells differentiated for 72 h showed decreased hemoglobinization in cells depleted of Abcb7. (D) Representative oxidized UV-VIS spectra of heme, with the characteristic Soret band at 414 nm and additional peaks at 541 and 576 nm, in control and Abcb7-KD G1E-ER4 cells 72 h after differentiation showed significantly lower heme levels in cells depleted of Abcb7. (E) Heme levels in control and GIE-ER4 cells depleted of Abcb7 for 3 days. Values are means ± standard deviation. (F) Levels of heme-bound cytochromes c (Cyc) and c1 (Cyc1) were significantly decreased in Abcb7-depleted G1E-ER4 cells. Native immunoblots to Atp5a (CV subunit), Uqcrc2 (CIII subunit) and Mtco1 (CIV subunit) showed that levels of heme-containing complexes CIII and CIV were significantly decreased in Abcb7-KD cells. CIV activity, which requires two heme centers, was also decreased. Tom20 was used as a loading control. Peroxisomal fractions showed comparable levels of catalase protein in control and Abcb7-KD G1E-ER4 cells. Catalase (Cat) protein levels increased to the same extent in control and Abcb7-KD cells during differentiation. Pmp70 (also known as Abcd3) is a marker of peroxisomes and was used as a loading control. Figure 4G ). Double KD of Abcb7 and Irp2 reduced iron overload in early erythroid progenitors ( Figure 4C ). However, it also severely impaired iron delivery to mitochondria during differentiation ( Figure 4C ) and impaired hemoglobinization ( Figure 4G ), confirming the essential role of Irp2 in erythropoiesis.
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ABCB7 formed a complex with FECH and ABCB10
The stability of Fech was reduced by the KD of Abcb7. We found that endogenous Abcb7 interacted with Fech and Abcb10 in G1E-ER4 cells during differentiation ( Figure 5A ), in agreement with published studies that reported the interaction of Fech with Abcb7 [30] [31] [32] Figure 5B ). Interestingly, a second distinctive pool of Fech formed a complex of 250 kDa, which also contained the heme-synthesizing enzymes Alas2 and Ppox ( Figure 5B ), consistent with previously published results that proposed a direct transfer of PPIX from Ppox to Fech for iron insertion, 32, 33 and that suggested a potential regulatory role for the Fech-Alas2 interaction. 32 We performed chemical crosslinking of the ABCB7/FECH complex in vitro on purified proteins and in vivo on mitochondria isolated from G1E-ER4 cells coexpressing human ABCB7-FLAG and FECH-HA, coupled with tandem mass spectrometry (XL-MS) to investigate the architecture of the ABCB7/FECH complex. The analysis A unique ABCB7-FECH-ABCB10 complex haematologica | 2019; 104 (9) 1763 (E) Three-dimensional structure of ABCB7 modeled on the structure of S. cerevisiae Atm1 (PDB:4MYC 3 ) using Swiss-Model. 49 The last 44 amino acid residues of ABCB7 are missing from the structure because yeast lacks these terminal residues. One of the two protomers of ABCB7 in the dimeric structure is represented in the surface-mode and the green and magenta sequences in the C terminus of ABCB7 indicate the peptide sequences subjected to alanine scanning mutagenesis in Mut1 and Mut5, respectively, to assess their involvement in the interaction with FECH. (F) Coomassie staining of inputs and in vitro crosslinked products on SDS-PAGE. Magenta asterisks denote dimers of ABCB7 wildtype (WT) or the mutant (Mut1) in which amino acid residues between Val450 and Leu463, involved in binding FECH, were replaced by alanines. Blue asterisks indicate the tetrameric ABCB7-FECH complex. Brown circles indicate FECH dimers. (G) SDS-PAGE analysis after in vivo crosslinking on mitochondria isolated from cells co-transfected with ABCB7-F and FECH-HA, followed by anti-FLAG immunoprecipitation. (H) Native PAGE on purified ABCB7-FLAG, FECH-HA and ABCB10-Myc proteins shows that both ABC transporters dimerized when loaded individually (lanes 1 and 3; magenta and black asterisks correspond to dimers of ABCB7 and ABCB10, respectively). Both ABCB7 and ABCB10 were able to interact physically with dimers of FECH (lanes 4 and 6; blue and orange asterisks denote the hetero-tetrameric ABC transporter-FECH complexes). ABCB7, FECH and ABCB10, when combined together in vitro, formed a multiprotein complex with a 2:2:2 stoichiometry consisting of dimers of each of the components (in lane 7, the complex denoted with the # symbol). ABCB7 Mut1 , in which amino acid residues between Val450 and Leu463 were replaced by alanines, was unable to interact with FECH (lane 5) and formation of the hexameric complex was disrupted (lane 8), whereas Mut5 showed no defect in interacting with FECH (lane 9). Brown circles indicate FECH dimers (lane 2). (A, B, n=5; F, G and H, n=3) . Supplementary Table S1 , Figure 5C and Online Supplementary Figure S8A ), among which 12 were intersubunit crosslinks between ABCB7 and FECH and ten were crosslinks between endogenous Abcb10 and FECH (Online Supplementary Table S1 , Figure 5C and Online Supplementary Figure S8A,B) . No crosslinks were detected between ABCB7 and Abcb10, suggesting that FECH mediated an indirect interaction between ABCB7 and ABCB10, as we subsequently confirmed by co-immunoprecipitation experiments. The analysis also identified a high confidence FECH-FECH intersubunit crosslink (K286-K286) (Online Supplementary Table S1 ). Identification of this crosslinked species is consistent with the distances derived from the crystal structure of FECH, which shows the two lysines at the FECH dimer interface with a C a -C a distance of 10.163Å, in agreement with the length of the DSS crosslinker (11.4 Å) (Online Supplementary Figure S9A) . The crystal structure of FECH revealed that the PPIX substrate was deeply bound within a pocket that was enclosed by three movable regions 34 (Online Supplementary Figure S9B) , one of which (residues 90-115 of FECH) was involved in binding the nucleotide-binding domain of ABCB7, according to our data (Online Supplementary Table S1, Figure 5C and Online Supplementary Figure S9C ). We performed alanine scanning mutagenesis on the C terminus of ABCB7 (residues V450-C752) ( Figure 5D ,E), and tested the mutants in vivo and in vitro for their ability to interact with FECH. SDS-PAGE analysis on crosslinked purified ABCB7 and FECH proteins, showed three major bands in the presence of the crosslinker (BS 3 ) with approximate molecular weights of 80, 120 and 230 kDa ( Figure 5F and Online Supplementary Figure S10A) , which met the expected molecular weights of a dimer of FECH (84 kDa), a dimer of ABCB7 (138.4 kDa), and a heterotetrameric complex consisting of a dimer of ABCB7 interacting with a dimer of FECH (222.4 kDa). Importantly, the same complexes at 120 and 230 kDa were also detected on SDS-PAGE after in vivo crosslinking on isolated mitochondria, followed by anti-FLAG immunoprecipitation of ABCB7-FLAG ( Figure 5G ). We also confirmed the previously reported interaction of ABCB10 with FECH 31 in vitro with purified proteins (Online Supplementary Figure S10A,B) , which demonstrated that binding of FECH to ABCB10 was direct. BN-PAGE analysis on ABCB7, FECH and ABCB10 purified proteins showed that each ABC transporter dimerized when loaded individually ( Figure 5H ), confirming the results obtained using the crosslinker ( Figure 5F and Online Supplementary Figure S10A) . Both ABCB7 and ABCB10 were able to interact physically with dimers of FECH and, when combined, ABCB7, FECH and ABCB10 assembled into a complex of approximately 480 kDa ( Figure 5H , complex designated with the # symbol), which conformed to the predicted size of a hetero-hexameric complex composed of dimers of ABCB7, FECH, and ABCB10. The ABCB7-FECH interaction was disrupted upon expression of ABCB7
Mut1
, in which the peptide sequence from Val450 through Leu463 had been replaced by alanines ( Figures 5F, H) , whereas ABCB7 Mut5 (residues L517-K526 replaced by alanines) was able to bind FECH and form a complex with ABCB10 to the same extent as ABCB7-WT ( Figure 5H ). ABCB7
Mut6
, in which the peptide sequence between amino acid residues Gly527 and Asp538 were replaced by alanines, also did not form a complex with FECH (Online Supplementary Figure  S10A) . Immunoprecipitation of recombinantly expressed FLAG-tagged ABCB7 wildtype or its mutants ( Figure 6A ,B) in vivo in G1E-ER4 cells, which co-expressed FECH-HA and that had been silenced to KD the expression of endogenous Abcb7, demonstrated that two short sequences in the C terminus of ABCB7, residues V450-L463 and G527-D538, were essential molecular mediators of the interaction with FECH ( Figure 6C -E and Online Supplementary Figure  S10C,D) , thereby confirming our results obtained in vitro with purified proteins. Residues between Gln464 and Val504 of ABCB7 were also involved in stabilizing the binding of FECH (mutants 2, 3 and 4) ( Figure 6C,D, Online  Supplementary Figure S10D) , whereas the ABCB7 sequences between G505 and Q525 and downstream of Val539 were not involved in the interaction with FECH ( Figure 6C -E and Online Supplementary Figure S10C,D) . Endogenous Abcb10 co-immunoprecipitated with the ABCB7/FECH complex ( Figure 6C,D) , consistent with formation of the native complex of 480 kDa ( Figure 5H) , and the amount recovered in the eluates after immunoprecipitation of ABCB7 decreased upon expression of the ABCB7 mutants, which were defective in binding FECH, suggesting that formation of a multimeric complex containing ABCB7 and ABCB10 homodimers was bridged by a dimeric FECH, rather than through direct physical contacts between the two ABC transporters. In vitro pull-down assays with Figure S11A,B) , which was unable to interact with Fech, indicating that formation of a functional ABCB7/FECH complex was required for FECH stability and completion of heme synthesis.
Discussion
Loss-of-function mutations in ABCB7 cause XLSA with ataxia, a recessive disorder characterized by the presence in the patients' bone marrow of nucleated erythroblasts that exhibit granules of iron accumulated in the mitochondria surrounding the nuclei.
To gain insights into the primary effects of loss of ABCB7, we generated cell lines with inducible silencing of ABCB7. KD of ABCB7 elicited a dramatic loss of multiple mitochondrial Fe-S enzymes after only 3 days, whereas defects in cytosolic Fe-S proteins were not observed until 5 days after KD. Similarly, studies in Atm1-depleted yeast cells found a severe growth defect caused by mitochondrial dysfunction, which included loss of oxidative respiration and defective heme biosynthesis. [35] [36] [37] A growing list of human diseases, including sideroblastic anemia, manifest severe mitochondrial iron overload, 17 and many of these disorders affect the core components of the iron-sulfur cluster (ISC) machinery, including frataxin, 38 glutaredoxin 5 22, 39 and HSPA9. 40 The molecular mechanism underlying the mitochondrial iron accumulation has not been unveiled. Studies in cell culture models have revealed that a feature of defects manifesting mitochondrial iron overload included the activation of the cytosolic iron starvation response, 17, 38, 41 which increased the IRE-binding activities of IRP1 and IRP2, and upregulation of the ubiquitously expressed mitochondrial iron importer MFRN2. 41, 42 Our studies show that activation of IRP in the cytosol of cells depleted of ABCB7 and upregulation of the mitochondrial iron importers, MFRN1 and MFRN2, occurred 3 days after KD of ABCB7 and accounted for the increased influx of iron in mitochondria. The decreased cytosolic aconitase activity in ABCB7-depleted cells was therefore likely the result of the conversion of IRP1 from cytosolic aconitase into IRE-binding apo-protein, rather than the result of impaired cytosolic ISC biogenesis, as previously proposed. 11 Similarly, yeast cells depleted of Atm1 were reported to activate the iron regulon, which encodes the high affinity iron uptake system. 43, 44 Despite the large amount of iron imported in mitochondria, cells lacking Abcb7 showed a defect in heme biosynthesis, which resulted not only from translational repression of Alas2 by IRP, but also from the decreased stability of ferrochelatase. Recent studies proposed that in a mouse model of frataxin deficiency, mitochondrial iron overload was mediated by the upregulation of MFRN2, which was driven by defective heme biosynthesis, due to loss of FECH. 45 Interestingly, mitochondrial iron accumulation has also been reported in erythroblasts from patients with erythropoietic protoporphyria due to decreased ferrochelatase levels, 46 suggesting that loss of FECH and/or its product, heme, in cells with an intact IRE-IRP system may drive mitochondrial iron overload.
The identification and characterization of protein-pro- 
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tein interactions are fundamental to understanding the mechanisms and regulation of most biological processes, and interacting partners provide insights into biological functions that can be exploited for therapeutic purposes. We found that endogenous Abcb7 formed a complex with Fech and Abcb10 during erythroid differentiation. We performed XL-MS to investigate the architecture of the ABCB7/FECH complex, followed by extensive mutational analyses of ABCB7. Our studies identified two sequences in the C-terminal domain of ABCB7, residues V450-V504 and G527-D538, which were major molecular determinants of the interaction with FECH. Interestingly, these regions are adjacent to the Walker A motif of ABCB7, which is essential for nucleotide binding and transport activity. 47 The overall architecture of the ABCB7/FECH/ABCB10 complex is shown in our proposed model (Figure 7 ), in which a functional dimeric FECH bridges ABCB7 and ABCB10 homodimers. Interestingly, residues 90-115 of FECH enclose the enzymatic active site containing PPIX and specifically bind ABCB7 near its nucleotide-binding domain. It is tempting to speculate that hydrolysis of ATP by ABCB7 may drive a conformational rearrangement on the region 90-115 of FECH, which would enable opening of the pocket and release of the newly synthesized proto-heme.
A previous model was proposed based on the identification of a Fech/Abcb10/Mfrn1 complex, 31 in which the interaction of Fech with Abcb10 and Mfrn1 was required to integrate mitochondrial iron import with its utilization for heme synthesis. In the same study, 31 a separate interaction of Fech with Abcb7 was also reported. We did not identify Mfrn1 as part of the Abcb7/Fech/Abcb10 complex ( Figure 5A and Online Supplementary Table S1 ).
However, since Mfrn1 was reported to be the direct interacting partner of Abcb10, 31 it is possible that in our coimmunoprecipitation experiments using an anti-Abcb7 antibody we mainly immunocaptured Abcb7 and its closest interacting partner, FECH, which in turn mediated an interaction with Abcb10; thus, we may not have detected other interactions of Abcb10 with Mfrn1 which are more physically distant from the Abcb7 partners. Nonetheless, Mfrn1 upregulation was essential to meet the exceptionally high iron demand for heme biosynthesis of erythroid cells during differentiation ( Figure 4A-G) , and decreased Mfrn1 half-life in the iron-deficient conditions generated by loss of Irp2 caused mitochondrial iron deficiency and impaired heme biosynthesis ( Figure 4A-G) . Our studies offer a potential molecular mechanism for reported cases of erythropoietic protoporphyria in patients harboring mutations between residues 68 and 220, 48 which we found were involved in binding ABCB7. Overall, our studies highlight the importance of ABCB7 for mitochondrial function and provide the biochemical characterization of a functional complex formed of ABCB7, FECH and ABCB10, which is required for cellular iron homeostasis, mitochondrial function and heme biosynthesis. Our work suggests that more definitive experiments deploying coordinated activity of the entire complex may aid identification of its physiological substrates. Figure S12) , raising the possibility that one or both ABC transporters may function as a mitochondrial matrix heme exporter.
